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ABSTRACT: The oxygen reduction reaction (ORR) is critical for electro-
chemical energy storage and conversion: e.g., in fuel cells and metal−air batteries.
A major challenge is to develop cost-eﬀective and durable ORR catalysts, to
replace the relatively expensive platinum-loaded carbon (PtC) counterparts,
particularly for large-scale applications. Despite progress over the past few decades
in developing eﬃcient non-precious-metal (NPM) catalysts, such as Fe/N/C-
based materials (the best-known alternatives), most of the reported catalytic
activities have yet to match that of PtC. Herein we propose a two-step process for
the production of highly eﬃcient NPM catalysts that outperform PtC in alkaline
media: (1) a hierarchical porosity of a supporting substrate is generated and
optimized in advance, especially to achieve a high total pore volume for rapid mass
transfer, and (2) an appropriate amount of NPM precursor is added to the
optimized substrate to boost the reduction potential while maintaining the
hierarchically porous structure. Such a scheme was successfully applied to a case of
nanoconﬁned maghemite (γ-Fe2O3) in a nitrogen-doped graphene framework. The resulting catalyst system surpasses the
performance of the equivalent commercial PtC, in terms of a higher reduction potential, a signiﬁcantly lower peroxide formation
ratio, more than tripled kinetic current density, smaller Tafel slope, better durability, etc. The reported catalyst is also among the
best of all the existing Fe-based ORR catalysts, indicating the great potential of γ-Fe2O3 for ORR in practical applications.
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1. INTRODUCTION
Increasing demand for large-scale metal−air batteries and
alkaline fuel cells has led to considerable eﬀort in developing
cost-eﬀective and durable non-precious-metal (NPM) catalysts,
particularly to replace the commercial platinum supported on
carbon (PtC) for oxygen reduction reactions (ORR) in alkaline
electrolytes.1 The kinetics of ORR is faster in an alkaline than in
an acidic media, featured by a smaller overpotential and a
higher exchange current, primarily due to the reduction of the
thermodynamic barrier as the pH of electrolyte increases.2 Such
an advantage gives rise to the possibility of applying a wide
range of NPM catalysts, even those with a relatively weak
oxygen binding energy.3 In fact, to achieve comparable ORR
activities, a relatively small amount of NPM catalysts is
generally required, e.g. in 0.1 M KOH than in 0.5 M H2SO4
or 0.1 M HClO4,
4 implying the development of practical Pt
alternatives is more feasible in an alkaline environment.
The best-known NPM ORR catalysts consist of nitrogen,
carbon, and transition metals, such as Fe (Fe/N/C).5 A variety
of Fe-containing species have been studied for ORR in alkaline
electrolytes, including iron−nitrogen complexes,4,6 iron ni-
trides,7 iron carbides,8 iron oxides,9 metallic iron,10 bimetallic
compounds,11 composites,12 and others.13 Progress has been
made toward the synthesis methodologies of the aforemen-
tioned Fe/N/C catalysts and an understanding of their ORR
characteristics, including the recognition of the essential role of
a thermal treatment step and the strong dependence of ORR
activity on the types of precursors and their concentrations to
achieve the Fe/N/C system.14 The strong interaction between
iron compounds and nitrogen-doped carbon substrates is also
found beneﬁcial to enhance the stability and reduction
potential.15 More recently, quite a few unique carbon
nanostructures (i.e., nanotubes or core−shell morphology)
catalyzed/directed by the in situ formed metallic nanoparticles/
templates have been demonstrated and advanced surface
characterization techniques (i.e., X-ray absorption near-edge
spectroscopy, XANES) have been adopted to identify the
catalytic sites in the developed Fe/N/C catalysts.14
However, in spite of the above achievements, a key challenge
remains that most of the reported activities of such NPMs
catalysts have yet to match all the performance indicators of the
equivalent PtC.5 On the other hand, apart from the cost issue,
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the current PtC catalysts also suﬀer from several weaknesses:
(1) poor mass transfer owing to the nonoptimized carbon
substrate,16 (2) reduced number of electrons transferred in the
mixed kinetic-diﬀusion region as a result of peroxide (HO2
−)
formation on surface oxide,3 and (3) structural instability
leading to dissolution of Pt during the ORR.17
Given that both chemical composition and structure are
critically important for the ORR, a rational design of facile
NPMs must optimally consider both properties. An ideal NPM
catalyst should consist of (1) an optimized hierarchical
substrate to ensure suﬃcient mass transfer and catalytic sites
exposure,18 (2) active NPM catalytic sites with strong HO2
−
binding to promote a four-electron (4e−) transfer pathway3b
and with oxygen adsorption kinetics comparable to that of Pt
for enhanced onset reduction potential,19 and (3) strong and
stable interaction between NPMs and the substrate for
prolonged lifetime.15 In this regard, we propose a two-step
design process for such highly eﬃcient NPM catalysts: (1)
hierarchical porosity of the supporting substrate is formed and
optimized in advance, especially to achieve high total pore
volume for rapid mass transfer, and (2) a suitable amount of
NPM precursor is introduced into the optimized substrate
under optimized conditions to form well-dispersed nano-
particles, so as to boost the reduction potential while
maintaining the hierarchical nanostructure.
Herein we report a successful example of forming and
conﬁning phase-pure maghemite nanoparticles (γ-Fe2O3, of an
average particle size of 2.6 ± 0.5 nm) into a hierarchically
porous nitrogen-doped graphene framework (Scheme 1). A
porous graphene framework (GF_800) was adopted as the
baseline substrate, since the hydrothermal self-assembly of
graphene oxide can readily form a hierarchical nanostructure,
with a substantial amount of micro-/mesopores (i.e., <6 nm)
and large interconnected voids (i.e., >1 μm). Such hierarchical
porosity is optimized by adjustment of the concentration of a
nitrogen precursor (GF+N2_800) and can be largely preserved
after the addition of a small quantity of an iron precursor (GF
+N2+Fe1_800). Furthermore, the nitrogen doping is expected
to facilitate the anchoring and ﬁxation of the more active iron
compound on the substrate and thus to improve the stability of
the proposed catalysts.15 The resulting porous graphene
framework conﬁned maghemite system, GF+N2+Fe1_800,
surpasses the performance of the equivalent commercial PtC, in
terms of more positive half-wave reduction potential (i.e., + 27
mV at 3 mA cm−2), signiﬁcantly lower peroxide formation ratio
(i.e., 0.31 vs 4.57% at 0.8 V vs RHE), more than triple the
kinetic current density (i.e., 34.3 vs 10.96 mA cm−2 at 0.8 V vs
RHE), smaller Tafel slope (i.e., 66.3 vs 83.5 mV dec−1), and
better durability (i.e., 3.8 vs 25.2% relative current loss after 20
h chronoamperometry test). To the best of our knowledge, the
activity of this nanoconﬁned maghemite system is among the
best of all the existing Fe-based ORR catalysts. More
importantly, the same synthesis approach was applied to
conﬁne Pt nanoparticles and the resulting material, GF
+N2+Pt1_800, shows ORR behaviors nearly identical with
those of the nanoconﬁned γ-Fe2O3 (GF+N2+Fe1_800). This
indicates that the proposed design principle should have wide
applicability for optimization of ORR catalysis.
2. EXPERIMENTAL SECTION
2.1. Chemicals. The following chemicals were used as
received without modiﬁcation: graphite (<20 μm, Sigma-
Aldrich), sulfuric acid (95−97%, Merck KGaA), potassium
permanganate (99+%, Sigma-Aldrich), hydrogen peroxide
aqueous solution (30 wt %, Sigma-Aldrich), iron(III) chloride
hexahydrate (97%, Sigma-Aldrich), chloroplatinic acid (John-
son Matthey), cyanamide aqueous solution (50 wt %, Sigma-
Aldrich), Naﬁon (5 wt % in alcohol and water, Sigma-Aldrich),
ethanol absolute (VWR), and 20% platinum on carbon black
(Alfa Aesar).
2.2. Preparation of a Graphene Oxide Precursor
Solution. Graphite oxide (GO) was prepared by a modiﬁed
Hummer method, as previously reported.17 The graphene oxide
aqueous solution (2 mg mL−1) was achieved by continuous
probe sonication (Hielscher UP400) of a mixture of 1 g of GO
and 500 mL of DI H2O for 24 h, followed by centrifugation
Scheme 1. Proposed Two-Step Design Principle for One-Pot Synthesis of Highly Eﬃcient NPM ORR catalystsa
aStep 1 is to optimize in advance the conditions of N doping and hydrothermal synthesis, to achieve a highly porous support structure with an
optimum N content, and, step 2 uses the optimized conditions to optimize the Fe precursor content, where the Fe precursor was added to the
optimized support structure precursors in step 1 (but not to the previously formed structure!). The overall synthesis of the catalyst system is in one
pot under the optimized conditions, followed by high-temperature calcinations.
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(Heraeus Biofuge Primo) at 8000 rpm for 30 min to remove
any trace amount of unexfoliated GO.
2.3. Preparation of Hierarchically Porous Nitrogen-
Doped Graphene Framework and Conﬁnement of
Maghemite Nanoparticles. The overall synthesis approach
is a one-pot hydrothermal reaction process, using a graphene
oxide aqueous solution, cyanamide, and iron(III) chloride as
precursors for the framework, the N doping, and maghemite
nanoparticles, respectively, which is followed by freeze−drying
and further thermal treatment. A control sample (GF_800) was
ﬁrst synthesized using 15 mL of a graphene oxide aqueous
solution (2 mg mL−1). For optimization of N doping, to the
same amount of graphene oxide solution was added 120, 240,
or 600 μL of an aqueous cyanamide solution (50 wt %),
hereafter named with the aﬃx N1, N2, or N5, respectively.
Finally the optimized composition from the above was used for
further addition of 0.05, 0.15, or 0.25 mmol of iron(III)
chloride hexahydrate, FeCl3·6H2O (13.5, 40.5, or 67.5 mg;
hereafter named with the aﬃx Fe1, Fe3, or Fe5, respectively).
In all cases, the mixture was sonicated for 30 min before being
moved into a Teﬂon-lined stainless steel autoclave for
hydrothermal reaction at 180 °C for 12 h. The formed
hydrogel was freeze-dried for 24 h and then was thermally
annealed at 800 °C for 1 h under ﬂowing nitrogen (ramping
rate was 3 °C min−1). The obtained samples were thus named
as GF+Nx+Fey_800 (values of x and y denote the ratios of the
relevant precursors mentioned above). To understand the
origin of porosity for the developed substrate, a doped
graphene framework without high-temperature thermal treat-
ment was also prepared for comparison and was named GF
+Nx.
Figure 1. (a−d) SEM images of (a) GF, (b) GF+N2, (c) GF_800, and (d) GF+N2_800. (e) TGA of GF and GF+N2 under an N2 gas environment
with a ramping rate of 3 °C min−1. (f) XPS N 1s spectra for GF+N2 and GF+N2_800.
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2.4. Physical Characterizations. The morphology of
samples was investigated by scanning electron microscopy
and energy dispersive X-ray spectrometry (JEOL JSM-6301F)
and transmission electron microscopy (JEOL 2100). Nitrogen
sorption isotherms and BET surface areas were measured at 77
K with a Quantachrome Autosorb iQ-c. The chemical
composition was analyzed by X-ray diﬀraction (STOE Stadi
P), X-ray photon spectroscopy (Thermo Scientiﬁc K-Alpha),
thermogravimetric analysis (Setaram Setsys 16/18), and Raman
spectroscopy (Renishaw).
2.5. Electrochemical Characterizations. Rotating disk
electrode (RDE) and rotating ring disk electrode (RRDE)
measurements were conducted in O2-saturated 0.1 M KOH.
Oxygen was purged for at least 30 min before measurement and
continuously bubbled through the electrolyte during the tests,
in order to ensure the saturation of the electrolyte with O2. An
RDE (glass carbon tip, Metrohm) or RRDE (Pt-ring/glassy
carbon disk, Gamry) was used as the working electrode, Ag/
AgCl (saturated KCl, Metrohm) as the reference electrode, and
a platinum sheet (Metrohm) as the counter electrode. The scan
rate for rotating voltammetry was 10 mV s−1, and the ring
potential was constant at 0.5 V vs Ag/AgCl. All results were
recorded using Metrohm Autolab 302N and Metrohm Multi
Autolab instruments. The potentials reported in this work were
converted with reference to the reversible hydrogen electrode
(RHE) scale by the addition of a value of 0.965 V.
For preparation of the RDE working electrode, 4 mg of the
catalyst and 40 μL of Naﬁon solution (5 wt %) were added to 3
mL of deionized water, followed by sonication for 60 min to
achieve uniform dispersion of the catalysts in the solvent. The
catalyst suspension (5.4 μL) was drop-casted on the RDE tip (3
mm diameter) and dried at 60 °C. For RRDE working
electrode preparation, 4 mg of the catalyst and 40 μL of Naﬁon
solution (5 wt %) were added to a mixture of 3 mL of
deionized water and 1 mL of ethanol absolute, and 25 μL of the
catalyst suspension was then drop-casted on the RRDE tip
electrode (5.61 mm diameter for GC). The catalyst loading is
ca. 0.1 mg cm−2 for all samples, including commercial platinum-
loaded carbon.
For RDE, the electron transfer number (ETN, n) was
calculated on the basis of the Koutecky−Levich (K-L)
equation:
ω
= + = +−J J J nFC D v J
1 1 1 1
0.2
1
L K 0 0
2/3 1/6 1/2
K
where J is the measured current density, JL and JK are the
diﬀusion-limited and kinetic current densities, respectively, F is
the Faraday constant (96485 sA mol−1), C0 is the bulk
concentration of dissolved O2 in 0.1 M KOH (1.2 × 10
−3 mol
L−1), D0 is the diﬀusion coeﬃcient of O2 in 0.1 M KOH (1.9 ×
10−5 cm2 s−1), v is the kinematic viscosity of the electrolyte
(0.01 m2 s−1), and ω is the angular velocity (in rpm).
For RRDE, the ETN was determined by the ratio of current
density for ring/disk electrode using the equation
=
+
n
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4
/
d
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where Id and Ir are the measured currents for disk and ring
electrodes, respectively, and N is the current collection
eﬃciency of the Pt ring (0.37). The potential of the ring
electrode was kept at 0.5 V vs Ag/AgCl.
For the Tafel plot, the diﬀusion-corrected kinetic current
density (JK) was calculated on the basis of the K-L equation:
=
−
J
JJ
J JK
L
L
Electrode impedance spectroscopy (EIS) measurements
were conducted at 1600 rpm and at the potential under
which the current density reaches 3 mA cm−2 for each sample.
The frequency range was 1 MHz to 0.01 Hz. The amplitude
was 10 mV.
Chronoamperometry measurements were conducted at 1600
rpm and at the potential under which the current density
reaches 3 mA cm−2 for each sample and lasted for 20 h. The
durability was further assessed by cyclic tests of the catalysts
between 0.2 and 1.2 V vs RHE at 100 mV s−1 up to 5000
cycles.20
Electrode evaluation was conducted in 0.1 and 6 M O2-
saturated KOH electrodes. The electrodes were prepared by
spray-coating the corresponding catalysts on carbon ﬁber paper
gas diﬀusion layer (GDL, Ion Power). The loading ratio was 0.7
mg cm−2.
3. RESULTS AND DISCUSSION
3.1. Formation of Highly Porous N-Doped Graphene
Framework. As the ﬁrst step of the synthesis approach is to
produce an optimized porous substrate, characteristics of the
porosities of the synthesized samples were ﬁrst compared from
the scanning electron microscopy images (SEM) (Figure 1a−
d). An evident hierarchical structure (pore size ranging from ca.
0.5 to 1.5 μm) is shown in the SEM image of GF (Figure 1a),
but such porous characteristics can hardly been seen in GF+N2
(Figure 1b). After thermal annealing, no apparent diﬀerence is
observed between the morphologies of GF and GF_800
Table 1. Summary of BET SSA, Total Pore Volume, Elemental Ratio, and C 1s/N 1s Binding Conﬁguration for GF+N and GF
+N_800
BET elemental anal. (atom %) C 1s (atom %) N 1s (atom %)
sample SSA (m2 g‑1) PV (cc g‑1) C N O CC C−C C−O/C−N pyridinic graphitic oxidized
GF+N0 437.2 1.82 85.3 14.8 71.4 17.4 11.2
GF+N1 244.7 1.20 75.2 12.3 12.5 59.5 19.2 21.4 16.8 83.2
GF+N2 229.8 1.22 71.7 15.0 13.3 56.9 21.0 22.1 23.1 76.9
GF+N5 258.6 1.45 67.0 19.6 13.4 63.6 19.9 26.4 33.2 66.8
GF+N0_800 598.9 2.13 94.4 5.7 80.2 15.8 4.0
GF+N1_800 729.5 2.03 90.5 4.4 5.1 78.0 18.4 3.6 46.9 44.1 9.0
GF+N2_800 741.2 3.62 88.4 5.5 6.1 75.7 18.8 5.6 43.3 49.1 7.6
GF+N5_800 627.7 2.44 90.4 4.4 5.2 64.0 27.2 8.9 43.9 47.6 8.5
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(Figure 1c), implying that the high-temperature treatment
changes little of their macroscopic porosity. However, GF
+N2_800 exhibits a more hollow structure with larger
interconnected voids (ca. >2 μm, Figure 1d) after thermal
annealing. The distinct morphology of GF+N2 and GF
+N2_800 suggests that, during the hydrothermal reaction, the
nitrogen precursors are “attached” to the graphene surface and
block most of the pores; such nitrogen species are partially
removed from and partially doped into the graphene framework
in the following thermal treatment, during which the structure
of the graphene framework is severely etched.
The removal of attached nitrogen species was probed by
thermal gravimetric analysis (TGA) (Figure 1e). It is seen that
an extra-sharp decrease of mass occurs between 230 and 350
°C for GF+N2, in comparison with the continuous but slow
mass loss for GF as the temperature increases. The nitrogen
doping process was demonstrated through the transformation
from the predominantly graphitic N of GF+N2 to the pyridinic
N of GF+N2_800, as shown by X-ray photoelectron spectros-
copy (XPS) (Figure 1f). Both the concentration and the type of
doped-N sites inﬂuence the electrochemical properties of the
materials. Despite the debate on the exact role of N-doped sites,
pyridinic N is generally regarded as responsible for the catalytic
ORR activity, especially for the onset reduction potential, while
graphitic N is believed to be beneﬁcial to the electrical
conductivity.21 Since those GF+N_800 samples show similar
nitrogen contents and binding conﬁgurations (Table 1), it is
reasonable to attribute the major improvement in performance
to their diﬀerent porous structures.
The porosity of each substrate was further investigated by
nitrogen adsorption−desorption isotherms at 77 K (Figure
2a,c). It is shown that all the GF+N and GF+N_800 samples
possess a hierarchically porous nanostructure, featuring an
initial adsorption for micropores (i.e., P/P0 < 0.01), a hysteresis
loop for mesopores (i.e., P/P0 > 0.4), and a long “tail” for large
macropores/voids (i.e., the highest P/P0). It is also seen that
the N2 sorption for GF+N is generally lower than that for GF,
while GF+N_800 possess higher sorption than GF_800. The
corresponding pore size distribution (PSD, Figure 2b,d)
calculated by the QSDFT (quenched solid density functional
theory) model illustrates that, for GF and GF_800, the thermal
“etching” (as conﬁrmed by TGA) removes the residual oxygen
functional group on the graphene surface and turns those small
micropores (0.8−1 nm) into relatively large pores (1−2 nm)
and even mesopores (3−6 nm). With regard to GF+N and GF
+N_800, the addition of nitrogen precursors during the
hydrothermal reaction blocks most of the micro-/mesopores
as discussed above; the following thermal annealing not only
reopens those pores but also generates a large number of new
structural defects.
The GF+N_800 samples generally show a higher Brunauer−
Emmett−Teller speciﬁc surface area (BET SSA) and/or total
pore volume (PV) in comparison to GF_800 (Table 1). It is
noted that the concentration of the nitrogen precursor is crucial
to optimize the hierarchical porosity: when it is too low, it
cannot block all the attachable sites during the hydrothermal
reaction, but when it is too high, it hampers the subsequent
thermal etching (Figure 2b,d). Therefore, GF+N2_800, with an
intermediate concentration of the nitrogen precursor, possesses
Figure 2. N2 adsorption/desorption isotherms at 77 K (left) and the corresponding PSD (right) calculated by the QSDFT model for (a, b) GF+N
and (c, d) GF+N_800.
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the highest BET SSA of 741.2 m2 g−1 and PV of 3.62 cc g−1.
The surprisingly large total PV (almost double the value of the
rest of the GF+N_800 samples) is believed to be favorable for
rapid mass transfer during the ORR.
3.2. Nanoconﬁnement of Maghemite Catalysts. The
second step of the proposed design principle is to load an
appropriate amount of NPM catalysts in the optimized
substrate. The inﬂuence of NPM concentration on the overall
porosity was studied through N2 sorption isotherms (Figure
3a), and it is shown that the N2 sorption for GF+N2+Fe_800
decreases as the Fe ratio increases. The large reduction in the
micro-/mesoporosity of GF+N2+Fe_800 (Figure 3b) conﬁrms
that most of the Fe compounds have been successfully conﬁned
into the porous GF+N2_800. What is more, adding the same
amount of Fe compound to GF+N1_800 gives a considerably
smaller SSA and PV of GF+N1+Fe1_800 in comparison to
those of GF+N2+Fe1_800 (Table S1 in the Supporting
Information), clearly pointing out the importance of a
preoptimized substrate for the nanostructure of the ﬁnal GF
+N+Fe_800.
The chemical composition of the Fe-containing species was
ﬁrst characterized by X-ray diﬀraction (XRD) (Figure 3c), and
it is shown that the XRD pattern of GF+N2+Fe1_800 ﬁts
perfectly with the standard γ-Fe2O3 reference.
22 Note that
maghemite has almost the same crystal structure as magnetite
(Fe3O4); X-ray photoelectron spectroscopy (XPS) was further
Figure 3. (a) N2 sorption isotherms at 77 K and (b) the corresponding PSD calculated for GF+N+Fe_800. (c) XRD pattern of GF+N2+Fe1_800,
in comparison with the standard γ-Fe2O3 reference. (d) XPS Fe 2p spectrum of GF+N2+Fe1_800 and TEM images of GF+N2+Fe1_800 under (e)
low and (f) high magniﬁcation. The insert in (e) is the particle size distribution of γ-Fe2O3.
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adopted to diﬀerentiate those two phases. It is shown in the
XPS Fe 2p spectrum of GF+N2+Fe1 (Figure 3d) that the peaks
centered at 710.8 and 724.3 eV represent Fe(III) 2p3/2 and
2p1/2, respectively, and no Fe(II) or metallic Fe peak is
observed (i.e., 709.6 or 706.7 eV for Fe(II) or Fe(0) 2p3/2). In
addition, the satellite Fe 2p3/2 peak at 718.8 eV is characteristic
of Fe2O3, while for Fe3O4 the satellite peak is generally within
ca. 715−716 eV.23 Therefore, it is evident that γ-Fe2O3 is the
only iron compound in GF+N+Fe_800, from both XRD and
XPS observations. Moreover, the peak position of pyridinic N
in GF+N2+Fe_800 is ca. 0.2−0.3 eV more positive than that
for GF+N2_800 (Figure S1b in the Supporting Information),
which indicates the interaction between γ-Fe2O3 and the
nitrogen-doped graphene framework.6f
The morphology of the γ-Fe2O3 nanoparticles was studied by
transmission electron microscopy (TEM) (Figure 3e,f). It is
seen in the TEM of GF+N2+Fe1_800 (Figure 3e) that the γ-
Fe2O3 nanospheres with an average particle size of 2.6 ± 0.5
nm are uniformly dispersed over the nitrogen-doped graphene.
The nanoparticles in the high-resolution TEM image (Figure
3f) display a d spacing of ∼2.5 Å, in good agreement with that
of the (311) planes of the γ-Fe2O3 phase (corresponding to the
XRD peak position at 2θ = 35.4°, Figure 3c).
3.3. Comparison of Catalytic Activities. The catalytic
ORR activities were studied through linear sweep voltammo-
grams (LSVs) at 1600 rpm using the rotating disk electrode
technique (RDE), (Figure 4a−c). The performance of diﬀerent
substrates was ﬁrst compared (Figure 4a), and it is seen that the
onset reduction potentials of GF+N_800 are 70−100 mV
higher than that of GF_800. In addition, the limiting current
densities of GF+N1_800, GF+N2_800, and GF+N5_800 reach
5.24, 5.40, and 4.91 mA cm−2, respectively, indicating a 4e
transfer pathway, while GF_800 possesses a value of 3.18 mA
cm−2, which is closer to the 2e pathway. The improved
reduction potentials and 4e pathway selectivity of GF+N_800
demonstrate their better oxygen and peroxide adsorption
capability derived from the nitrogen doping.24 Note that GF
+N2_800 shows a similar onset but superior half-wave
reduction potential, in comparison with GF+N1_800, which
should be attributed to rapid mass transfer as a result of the
ultralarge pore volume of GF+N2_800. The slightly smaller
onset potential and limiting current density of GF+N5_800 in
comparison to those of the other two GF+N_800 samples is
probably due to its lower conductivity (lower sp2 carbon ratio,
Table 1).
The eﬀect of the γ-Fe2O3 loading ratio was then investigated
by the conﬁnement of three diﬀerent concentrations of γ-Fe2O3
on the best substrate, GF+N2_800 (Figure 4b). GF
+N2+Fe1_800 shows a similar onset but much improved
half-wave reduction potential, in comparison with GF
+N2+Fe3_800. This can be explained by the better mass
transfer of GF+N2+Fe1_800, since the higher loading of γ-
Fe2O3 aﬀects more the overall porosity. A further increase of γ-
Fe2O3 loading even reduces the onset potential (i.e., GF
+N2+Fe5_800), suggesting that no more γ-Fe2O3 can be
conﬁned in the porous structure of GF+N2_800 and the extra
groups are merely attached on the surface. The almost identical
gaps between the onset and half-wave potential of GF
+N2+Fe1_800 and GF+N2_800 demonstrate that nano-
conﬁnement of a controllable amount of NPMs into a
hierarchical substrate causes aﬀordable reduction of its porosity,
Figure 4. RDE LSV plots of GF+N+Fe_800 at 1600 rpm: (a) eﬀect of nitrogen precursor concentration for substrates; (b) eﬀect of iron precursor
concentration on the optimized substrate; (c) eﬀect of substrates/NPMs and comparison with commercial PtC. (d) Comparison of kinetic current
density JK at 0.65 V vs RHE and potential V at 3 mA cm
−2.
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leading to considerable improvement in reduction potential but
negligible loss of its mass transfer capability.
To further demonstrate the signiﬁcance of a preoptimized
hierarchically porous substrate, the optimal amount of γ-Fe2O3
was loaded into diﬀerent substrates (Figure 4c). It can be seen
that the distinction between the ORR activities of GF
+N2+Fe1_800 and GF+N1+Fe1_800 follows the same pattern
between GF+N2_800 and GF+N1_800, revealing that the
enhancement in activity should be mainly because of the better
substrate. Moreover, the similar performances between GF
+N1+Fe1_800_W (γ-Fe2O3 is removed by acid washing) and
GF+N1_800 prove that γ-Fe2O3 must be responsible for the
better onset potential. As a result, the obtained GF
+N2+Fe1_800 shows a higher reduction potential than the
commercial PtC (i.e., +27 mV at 3 mA cm−2).
GF+N_800, GF+N+Fe_800, and PtC all unsurprisingly
possess an electron transfer number (ETN) of 4 at 0.65 V vs
RHE, calculated from the Koutecky−Levich (K-L) plot (Figure
S3 in the Supporting Information). However, their kinetics
current densities JK at the same potential (also derived from the
K-L plots) and the half-wave potentials (V vs RHE at 3 mA
cm−2) are quite distinct (Figure 4d), which is due to a
combined eﬀect of diﬀerent porous substrates and γ-Fe2O3/Pt
catalysts. Note that, at 0.65 V vs RHE, not only the JK value of
GF+N2+Fe1_800 (454.55 mA cm−2) is 5 times higher than
that of PtC (71 mA cm−2) but also GF+N2+Fe3_800 (94.34
mA cm−2) and GF+N1+Fe1_800 (99.90 mA cm−2) can also
surpass PtC at this potential, clearly pointing out the inﬂuence
of rapid mass transfer achieved by a hierarchical substrate.
The rotating ring disk electrode (RRDE) technique was
applied to investigate the reaction pathway of GF
+N2+Fe1_800. As shown in the plot of peroxide formation
ratio (Figure 5a), a peak value of 4.57% is observed at 0.8 V vs
RHE, which is due to the oxide substructure of the Pt surface
Figure 5. (a−d) Comparison of ORR activities among GF+N2_800, GF+N2+Fe_800 and PtC: (a) peroxide formation ratio; (b) Tafel plot; (c) EIS
Nyquist plot; (d) corresponding electrode performance. (e) Chronoamperometry of GF+N2+Fe1_800 and PtC. (f) Comparison of the catalytic
activity of GF+N2+Fe1_800 with those of other Fe-based catalysts.
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and is characteristic of the outer-sphere reaction for Pt in an
alkaline electrolyte.3 GF+N2+Fe1_800, however, forms a
greatly reduced amount of intermediate during the ORR (i.e.,
0.31% at 0.8 V vs RHE), indicating that the embedded γ-Fe2O3
nanoparticles can eﬀectively enhance the HO2
− binding and
thus feature an improved selectivity of the 4e transfer pathway
over the potential range of operation. The broad peak of
peroxide formation of GF+N2_800 and GF+N2+Fe1_800,
when the potential is lower than 0.7 V vs RHE, can be assigned
to the reduction of speciﬁcally absorbed oxygen on the
substrate.
On the basis of the ETN values derived from RRDE
measurements, the corresponding diﬀusion-corrected kinetic
current density (JK) was calculated and presented in the Tafel
plots (Figure 5b). It is shown that GF+N2+Fe1_800 possesses
an onset potential (i.e., JK reaches 0.5 mA cm
−2) similar to that
of PtC but a much smaller Tafel slope (66.3 vs 83.5 mV dec−1
for GF+N2+Fe1_800 and PtC), which results in a 3 times
higher JK value in comparison to that for PtC at 0.8 V vs RHE
(34.3 vs 10.96 mA cm−2). It is also noted in Figure S6 in the
Supporting Information that the Tafel plots of GF
+N2+Fe1_800 and GF+N2+Pt1_800 (same synthesis route
except using a Pt precursor) are almost parallel, with a potential
shift of less than 10 mV. Such an observation conﬁrms that the
superior ORR kinetics of GF+N2+Fe_800 is achieved by the
combined eﬀect of both γ-Fe2O3 with oxygen adsorption
capability comparable to that of Pt and the hierarchically
porous GF+N2_800 substrate with rapid mass transfer (the
Tafel slope of GF+N2_800 is only 47.9 mV dec−1).
To further elucidate the ORR activity of GF+N2+Fe1_800,
electrical impedance spectroscopy (EIS) was employed. The
equivalent circuit of RDE (insert in Figure 5c) consists of an
uncompensated impedance (IU) including (a) the resistance of
the electrolyte RE and (b) the interface of the RDE thin ﬁlm
(RTF) partially reﬂecting the electrical conductivity of the
catalysts and also reaction related components (IR) such as (c)
the kinetics-controlled process RK and (d) the diﬀusion
controlled process RD of the catalytic oxygen reduction process.
EIS is measured at the half-wave potential of each catalyst, since
at this point, the current density increases the most quickly and
the overall impedance reaches its smallest value under a RDE
system. Since the uncompensated impedance IU is almost the
same for each catalyst, and it is thus subtracted from the
Nyquist plot (Figure 5c). It is clearly seen that both kinetics
(the ﬁrst semicircle) and diﬀusion (the second semicircle)
aﬀect the ORR process at this potential (the mixed kinetic-
diﬀusion region). As expected, GF+N2+Fe1_800 and GF
+N2_800 possess similar overall impedance of 250 Ω, while
PtC shows a much larger value of 360 Ω. It is also shown that
GF+N2+Fe1_800 shows an RK value of ca. 120 Ω, slightly
higher than that of GF+N2_800 (95 Ω) but smaller than that
for PtC (160 Ω). The order of RK is in good agreement with
the trend in Tafel slope (GF+N2_800 < GF+N2+Fe_800 <
PtC), further conﬁrming that the conﬁnement of a suitable
amount of NPMs on a highly hierarchical substrate can largely
preserve its rapid mass transport.
The consistency of the superior ORR activity for GF
+N2+Fe1_800 was veriﬁed by analyzing its corresponding
electrode performance through the polarization curves (V ≈ i)
in 0.1 and 6 M KOH (Figure 5d). It can be seen that the ORR
catalytic activities follow the exactly the same trend, in spite of
the fact that the internal impedance is signiﬁcantly reduced
after loading the catalysts on hydrophobic carbon paper and the
resistance of the electrolyte decreases as the concentration of
alkaline electrolyte increases (12 and 2.5 Ω for 0.1 and 6 M
KOH, respectively).
The stability of GF+N2+Fe1_800 was evaluated using a
chronoamperometry method. The current response is meas-
ured at 1600 rpm and at the potential when the current density
of GF+N2+Fe1_800 or PtC reaches 3 mA cm−2. After 20 h, the
relative current of PtC drops ca. 25.2% while a small loss of
3.8% is observed for GF+N2+Fe1_800 (Figure 5e). In
addition, the durability of GF+N2+Fe1_800 was further
assessed by cycling the catalysts between 0.2 and 1.2 V vs
RHE for 5000 cycles.14b,20 The LSV of GF+N2+Fe1_800 after
the test shows a negligible shift of −3 mV for its half-wave
potential at 1600 rpm (Figure S7 in the Supporting
Information). The excellent stability and durability of GF
+N2+Fe1_800 should be ascribed to the successful conﬁne-
ment of γ-Fe2O3 into the nitrogen-doped graphene framework
and the strong interaction between those two.15
Finally, the activity of GF+N2+Fe1_800 is compared with
those of other recently developed Fe-based ORR catalysts in
alkaline electrolyte. The potentials of each catalyst at 0.5 and 3
mA cm−2 (measured at 1600 rpm in RDE/RRDE) are plotted
as the X and Y axes in Figure 5f, and thus the gap between
those two potentials of each catalyst (i.e., the intercept of red
angled lines) can largely reﬂect its Tafel slope. The inﬂuence of
catalyst loading for RDE is also taken into account (see Table
S3 in the Supporting Information for more details). It can be
seen that, among more than 50 catalysts, only one of them6b
shows a larger Tafel slope and two others4b,9a possess a
potential at 3 mA cm−2 higher than those of GF+N2+Fe1_800.
This result clearly demonstrates that the ORR performance of
GF+N2+Fe1_800 is among the best of existing Fe-based ORR
catalysts, despite the fact that the type of Fe-based active site
has not been fully optimized yet.
4. CONCLUSIONS
A two-step design approach has been suggested and
implemented to achieve a highly eﬃcient NPM-based ORR
catalyst, nanoconﬁned maghemite in a hierarchical nitrogen-
doped graphene framework, which outperforms the commercial
PtC in an alkaline electrolyte. The scheme ensures that the
hierarchical porosity of the substrate is generated and optimized
ﬁrst, to enhance the pore volume for rapid mass transfer, and
then an appropriate amount of active NPM catalyst is
introduced to the optimized substrate to enhance oxygen
adsorption and inhibit intermediate peroxide formation, with
little compromise of the overall mass transfer capability.
Due to a combined eﬀect of the highly porous substrate and
the active γ-Fe2O3 sites, GF+N2+Fe1_800 displays perform-
ance superior to that of the commercial PtC, including a higher
half-wave reduction potential, better 4e pathway selectivity,
smaller Tafel slope, faster kinetic current density, and longer
lifetime. The superior activities of GF+N2+Fe1_800 (also
comparable with the Pt counterpart, GF+N2+Pt1_800) suggest
the wide applicability of the above design principle and the
great potential of developing cost-eﬀective and durable γ-
Fe2O3-based catalysts.
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